[1] Soil respiration is tightly coupled to the hydrologic cycle (i.e., snowmelt and precipitation timing and magnitude). We examined riparian and hillslope soil respiration across a wet (2005) and a dry (2006) growing season in a subalpine catchment. When comparing the riparian zones, cumulative CO 2 efflux was 33% higher, and peak efflux occurred 17 days earlier during the dry growing season. In contrast, cumulative efflux in the hillslopes was 8% lower, and peak efflux occurred 10 days earlier during the drier growing season. Our results demonstrate that soil respiration was more sensitive to drier growing season conditions in wet (riparian) landscape positions. 
Introduction
[2] Soil respiration is a critical component of ecosystem carbon source/sink status [Oechel et al., 1993; Cox et al., 2000; Heimann and Reichstein, 2008; Luyssaert et al., 2008] and is strongly controlled by soil water content (SWC) [Schaphoff et al., 2006; Riveros-Iregui et al., 2007; Pacific et al., 2008] , and therefore precipitation [Oechel et al., 1993; Mu et al., 2008] . Over the last 100 years, estimated mean global precipitation over the land surface has increased by 0.3-4% [Yu et al., 2008] . This intensification of the hydrologic cycle is predicted to increase by up to 20% in North America over the next century [Christensen et al., 2007] . Peak snowmeltdominated streamflow is occurring 1 -4 weeks earlier [Stewart et al., 2005] , and is predicted to occur an additional 3 -5 weeks earlier over the next century [Stewart et al., 2004] . These alterations to the hydrologic cycle (at seasonal to annual time scales) will likely lead to strong changes in SWC, and therefore soil respiration. However, large uncertainty exists in the response of soil respiration to changes in SWC across different landscape positions (e.g., wet and dry areas).
[3] Intermediate SWC is optimal for soil respiration [Davidson et al., 2000; Sjogersten et al., 2006] . Soil respiration is limited at low SWC by root and microbial desiccation stress [Orchard and Cook, 1983; Linn and Doran, 1984] and at high SWC because of bidirectional limitations in diffusion of gas and nutrients to plants and microorganisms [Skopp et al., 1990; Moldrup et al., 2000] . Previous research has indicated that higher soil water inputs can increase soil respiration at dry sites and decrease respiration at wet sites, and lead to similar soil CO 2 efflux across wet and dry landscape positions [Davidson et al., 1998; Savage and Davidson, 2001] . However, Davidson et al. [1998] and Savage and Davidson [2001] were limited by few sampling locations and small spatial coverage. Here we document dynamic and strongly contrasting soil respiration response at wet (riparian) and dry (hillslope) landscape positions to wetter and drier growing season conditions (and therefore different approaches to and departures from optimal intermediate SWC) from 32 locations in a complex subalpine watershed.
Methods
[4] The study site was the upper Stringer Creek Watershed ($380 ha), located in the United States (U.S.) Forest Service Tenderfoot Creek Experimental Forest (TCEF, Lewis and Clark National Forest, latitude 46°55 0 N, longitude 110°52 0 W) of central Montana. The spatial heterogeneity of this site offers an ideal scenario to address soil respiration variability due to strong, natural biophysical gradients in the drivers of soil respiration. The elevation is 1840 to 2421 m, with a mean of 2205 m. Mean annual temperature is 0°C, and mean annual precipitation is 880 mm, with $70% falling as snow from November through May. Air temperature, precipitation, snow depth, and snow water equivalent were collected from 1994 to 2006 from the Onion Park SNOTEL (snow survey telemetry) site (2258 m, located approximately 2 km to the south of the upper Stringer Creek Watershed). Streamflow was measured by the U.S. Forest Service Rocky Mountain Research Station from 1996 to 2006 at the upper Stringer Creek Flume (located within 400 m of the field plots along Stringer Creek).
[5] Eight transects (approximately 50 m long) originating at Stringer Creek and extending up the fall line through the riparian and adjacent hillslope zone included two riparian and two hillslope measurement locations along each transect (32 total measurement locations). The overstory vegetation in the hillslopes is mainly lodgepole pine (Pinus contorta), the understory vegetation is grouse whortleberry (Vaccinium scoparium), and riparian vegetation is predominantly bluejoint reedgrass (Calamagrostis canadensis). In the hillslopes, the major soil group is loamy skeletal, mixed Typic Cryochrepts, while the riparian zones are composed of highly organic clayey, mixed Aquic Cryoboralfs [Holdorf, 1981] .
[6] We collected measurements of soil temperature, SWC, and soil surface CO 2 efflux during contrasting wet (2005) and dry (2006) growing seasons. Measurements were taken from 9 June to 31 August during both years, which was the approximate time of the growing season [Schmidt and Friede, 1996] and period of frequent data collection (every 2-7 days) during both 2005 and 2006. Further, the magnitude of soil respiration outside of this range was small because of very low soil temperatures [Pacific et al., 2008] . One measurement of soil temperature (12 cm soil thermometer, Reotemp Instrument Corporation, San Diego, California, United States; measurement range of À20°C to 120°C) and three measurements of volumetric SWC (cm 3 H 2 O/cm 3 soil, integrated over the top 20 cm of soil; Hydrosense portable SWC meter, Campbell Scientific Inc., Utah, United States) were collected on each sampling day at each of the 32 locations. Three surface CO 2 efflux measurements were collected at each measurement location with a soil respiration chamber (SRC-1 chamber with a footprint of 314.2 cm 2 , accurate to within 1% of calibrated range (0 to 9.99 g CO 2 m À2 h
À1
) in conjunction with an IRGA (EGM-4, accurate to within 1% of calibrated range (0 -2000 ppm); PP Systems, Massachusetts, United States). The chamber was flushed with ambient air for 15 s then inserted 3 cm into the soil before each measurement began, and each measurement took $120 s. Cumulative efflux (9 June to 31 August) was estimated by linearly interpolating between measurements collected every 2 -7 days. This technique has been demonstrated to be a robust approach for comparison of efflux measurements across multiple locations over extended periods of time [Riveros-Iregui and McGlynn, 2009] . Analysis of variance (ANOVA) statistics (a = 0.05) were employed to test for differences between riparian and hillslope cumulative surface CO 2 efflux, soil temperature, and SWC. The three measurements of SWC and surface CO 2 efflux collected at each location on all sampling days (to account for local variability) were averaged for data analysis. [8] SWC was significantly higher in the riparian zones than the hillslopes during both growing seasons (p ( 0.01) (Figure 2 ). Maximum volumetric SWC in the riparian zones was similar between years ($65%, limited by porosity), while minimum riparian SWC was much lower during the dry growing season (13% compared to 37%). Maximum and minimum SWC in the hillslopes were similar across both growing seasons ($30% and 5%, respectively). Soil temperature was significantly higher during the wet growing season (p ( 0.01) (Figure 2) . When comparing the riparian zones, cumulative surface CO 2 efflux was 33% larger during the dry year (2006) ) (p ( 0.01). Peak efflux in the riparian zones occurred 17 days earlier in the dry growing season (1 July versus 18 July) (Figure 3) . In contrast to the riparian zones, comparison of cumulative efflux from the hillslopes showed that efflux was 8% lower (749 versus 809 g CO 2 m À2 ) (insignificant, p = 0.92), and peak hillslope efflux occurred 10 days earlier during the dry growing season (1 July versus 11 July). CO 2 efflux from the riparian zones was 25% greater than from the hillslope zones in the wet growing season (2005) . In the dry growing season (2006), cumulative CO 2 flux from the riparian zones was 79% greater than from the hillslope zones.
Results

Discussion
[9] Our results demonstrate that soil respiration varied considerably in response to changing hydrologic regimes, and that these changes were not monotonic across the landscape. Total soil water inputs (rain and snowmelt) were similar in 2005 and 2006, however peak snowmelt occurred 3 weeks later in 2005 (Figure 1) , and precipitation was 91% higher during the wet 2005 growing season (Figure 2 ). While these differences in precipitation and snowmelt appear extreme, they were well within the range of the 10 -13 year data record (Figure 1) , in which precipitation varied by 169% and the timing of peak snowmelt varied by 30 days. We show that changes in hydrologic regimes, even within the range observed over the last decade, can lead to large but differential soil respiration responses across landscape.
[10] The combination of later snowmelt and higher precipitation during 2005 increased the duration of SWC in the riparian zones above the intermediate level optimal for soil respiration [Davidson et al., 2000; Sjogersten et al., 2006] (defined as 40 -60% in the TCEF [Pacific et al., 2008] , indicated by grey boxes in Figure 2 ). High SWC can simultaneously decrease both soil CO 2 production and transport [Pacific et al., 2008] because of bidirectional limitations in diffusion of CO 2 , oxygen, and nutrients [Skopp et al., 1990; Moldrup et al., 2000] . SWC in the riparian zones was greater than 60% at the beginning of both growing seasons (Figure 2 ). However, SWC remained above intermediate (optimal) levels for $2 weeks longer during the wet 2005 growing season, leading to a longer period of inhibited soil respiration in the riparian zones. When comparing riparian zones, cumulative efflux was 33% higher in the dry (2006) growing season than the wet (2005) growing season, and peak efflux occurred 17 days earlier during the dry growing season (Figure 3 ). Increased efflux in the riparian zones during the dry growing season was likely due to a shorter period of above intermediate SWC, and therefore a longer duration of relatively high soil CO 2 production and diffusion [Pacific et al., 2008] . In contrast, comparison of efflux in the hillslopes between the wet and the dry growing season showed that cumulative efflux was 8% lower, and peak efflux in the hillslopes occurred 10 days earlier during the dry growing season, ( Figure 3 ). These differences in the timing and magnitude of efflux in the hillslopes between the wet and the dry growing season was likely the result of the quicker decline from near intermediate hillslope SWC during the drier growing season, as soil CO 2 production was inhibited at low SWC by desiccation stress [Orchard and Cook, 1983; Linn and Doran, 1984] . It is likely that changes in soil temperature had a small effect on the variability in soil respiration between 2005 and 2006. Soil temperatures were significantly higher during 2005 (p ( 0.01) (Figure 2 ), which would promote higher efflux [Hamada and Tanaka, 2001; Raich et al., 2002; Pendall et al., 2004] . However, significantly lower efflux in the riparian zones during 2005 (p ( 0.01) suggest soil temperature did not control soil respiration heterogeneity at this site. Our results indicate that changes in the timing and magnitude of precipitation and snowmelt can cause spatial and temporal variability in the movement of SWC into or out of the intermediate range that is optimal for respiration, the degree of which can vary strongly by landscape position.
[11] We suggest that differences in soil respiration across the landscape between 2005 and 2006 were the result of decreased SWC in 2006 from earlier snowmelt and lower precipitation, however other interpretations are possible. For example, the frequency and timing of precipitation pulses may be more important than the total amount of precipitation [Schwinning and Sala, 2004] . Large increases in soil respiration [Austin et al., 2004; Lee et al., 2004; Daly et al., 2008] often follow precipitation events, the degree of which can vary with both storm frequency and type of vegetation [Fierer and Schimel, 2002] , as well as antecedent SWC . In 2005, there was a period of intense rainfall at the end of June (Figure 2 ), which may have stimulated soil respiration and led to the peak in efflux in the hillslopes on 1 July (Figure 3) . The later peak in efflux in the riparian zones during 2005 (18 July) may be due to reduced gas diffusivity following the increase in SWC [Pacific et al., 2008] . These results suggest that the large precipitation events at the end of June controlled the timing of peak efflux. However, these peaks in riparian and hillslope efflux may be due to the rise in soil temperature at the same time periods (Figure 2 ), which can increase evaporation (and therefore decrease SWC) as well as plant and microbial metabolism. This suggests that predicted rises in temperature may constrain the effects of increased precipitation on soil respiration. Further research is necessary to determine the control of precipitation pulses and interactions between soil temperature and SWC on soil respiration variability following changes in hydrologic regimes.
[12] The results of this study can have large implications for ecosystem carbon balances. We observed large and disproportionate changes in efflux between wet (riparian) and dry (hillslope) landscape positions from a wet to a dry growing season in a subalpine forest in the northern Rocky Mountains of Montana. Mean annual precipitation is projected to increase by up to 20% over the next century in North America [Christensen et al., 2007] , and peak snowmeltdominated streamflow is predicted to occur 20 -40 days earlier [Stewart et al., 2004] . Therefore, it is likely that changes in hydrologic regimes may strongly impact carbon source/sink magnitude and status of wet and dry landscape positions. As an example, low Arctic and boreal soils are historically large carbon sinks because of a cold climate and wet soils [Chapin et al., 1980; Ping et al., 2008] . These soils account for 20-60% of the global soil carbon pool and contain 1 -2 orders of magnitude more carbon than emitted from anthropogenic activities [Ping et al., 2008; Schuur et al., 2008] . Arctic and boreal soils are predicted to switch to carbon sources as global temperatures increase [Oechel et al., 1993] . When comparing wet landscape positions (riparian zones) between a wet and a dry growing season, we found significantly lower efflux during the wet growing season, despite higher soil temperatures. These results suggest that possible warming-induced increases in arctic and boreal soil respiration could be constrained by wet soils and increasing precipitation. In contrast, the predicted rise in precipitation in arid and semiarid ecosystems [Christensen et al., 2007] could increase soil respiration in these water-limited areas. This rationale is supported by our comparisons of soil respiration at dry landscape positions (hillslope zones) between a wet and a dry growing season, in which we found higher efflux during the wet growing season. Higher soil respiration across dry landscapes could have a large impact on the global carbon cycle, as arid and semiarid lands cover 41% of the Earth's surface [Reynolds et al., 2007] . The results of our study demonstrate that soil respiration responses to changes in SWC are not monotonic across the landscape. Rather, changes in soil respiration at wet and dry landscape positions can occur in opposing directions and with different magnitudes. The greatest changes may occur with drying of wet landscape positions.
Conclusions
[13] On the basis of measurements and analysis of riparian and hillslope soil surface CO 2 efflux, SWC, and soil temperature across contrasting wet and dry growing seasons with large differences in snowmelt and precipitation timing and magnitude, we conclude the following.
[14] 1. Wetter landscape positions were more sensitive to drier growing season conditions. When comparing the riparian zones, cumulative soil CO 2 efflux was 33% higher during the dry (2006) growing season. In contrast, comparison of hillslope zones showed that cumulative efflux was 8% lower during the dry growing season.
[15] 2. Drier growing season conditions led to earlier peaks in both riparian and hillslope cumulative soil CO 2 efflux, with the greatest changes in wet (riparian) landscape positions. Peak riparian and hillslope efflux occurred 17 and 10 days earlier during the drier growing season.
[16] This research provides insight into the coupling of soil respiration to alterations in the hydrologic cycle (e.g., snowmelt and precipitation timing and magnitude). We suggest wetter landscape positions could show the greatest changes in soil CO 2 efflux and therefore the greatest shifts in carbon source/sink status.
